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Executive Summary 

One of the difficulties with developing and verifying accurate impact models is that parameters such 
as high strain rate material properties, failure modes, static properties, and impact test measurements are 
often obtained from a variety of different sources using different materials, with little control over 
consistency among the different sources. In addition there is often a lack of quantitative measurements in 
impact tests to which the models can be compared. 

To alleviate some of these problems, a project is underway to develop a consistent set of material 
property, impact test data and failure analysis for a variety of aircraft materials that can be used to 
develop improved impact failure and deformation models. This project is jointly funded by the NASA 
Glenn Research Center and the FAA William J. Hughes Technical Center. Unique features of this set of 
data are that all material property data and impact test data are obtained using identical material, the test 
methods and procedures are extensively documented and all of the raw data is available. Four parallel 
efforts are currently underway: Measurement of material deformation and failure response over a wide 
range of strain rates and temperatures and failure analysis of material property specimens and impact test 
articles conducted by The Ohio State University; development of improved numerical modeling 
techniques for deformation and failure conducted by The George Washington University; impact testing 
of flat panels and substructures conducted by NASA Glenn Research Center. 

This report describes impact testing which has been done on aluminum (Al) 2024 and titanium (Ti) 
6Al-4vanadium (V) sheet and plate samples of different thicknesses and with different types of 
projectiles, one a regular cylinder and one with a more complex geometry incorporating features 
representative of a jet engine fan blade. Data from this testing will be used in validating material models 
developed under this program. The material tests and the material models developed in this program will 
be published in separate reports. 
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National Aeronautics and Space Administration 
Glenn Research Center 
Cleveland, Ohio 44135 

1.0 Introduction 

Numerical simulation of dynamic impact events has reached a level of maturity at which it is 
commonly used as a design tool for a wide variety of aerospace structures such as jet engine containment 
systems, fan blades, radomes and cowlings. However, current efforts require extensive testing in parallel 
with modeling and it is often necessary to adjust model parameters somewhat arbitrarily in order that the 
model fit the test results. Explicit transient finite element modeling of even the simplest of problems, such 
as a regularly shaped projectile impacting a flat plate can result in widely varying results, depending on 
the material and failure models, available material properties, the contact models, the mesh density, and a 
number of different numerical parameters that must be specified in the computer codes. 

One of the difficulties with developing and verifying accurate impact models is that parameters such 
as high strain rate material properties, failure modes, static properties, and impact test measurements are 
often obtained from a variety of different sources using different materials, with little control over 
consistency among the different sources. In addition there is often a lack of quantitative measurements in 
impact tests to which the models can be compared. 

To alleviate some of these problems, a project is underway to develop a consistent set of material 
property and impact test data and failure analysis for a variety of materials that can be used to develop 
improved impact failure and deformation models. This project is jointly funded by the NASA Glenn 
Research Center (GRC) and the FAA William J. Hughes Technical Center. Unique features of this set of 
data are that all material property data and impact test data are obtained using identical material, the test 
methods and procedures are extensively documented and all of the raw data is available. Four parallel 
efforts are currently underway: Measurement of material deformation and failure response over a wide 
range of strain rates and temperatures; Development of improved numerical modeling techniques for 
deformation and failure; Ballistic impact testing of flat panels and substructures; and Failure analysis of 
material property specimens and impact test articles. 

This report describes impact testing which has been done on aluminum (Al) 2024 and titanium (Ti)- 
6aluminum (AL)-4vanadium (V) sheet and plate samples of different thicknesses and with different types 
of projectiles, one a regular cylinder and one with a more complex geometry incorporating features 
representative of a generic jet engine fan blade fragment — called the NASA Generic Fan Blade Fragment 
(NGFBF). Procedures and results are reported in detail, and information on obtaining raw data is 
provided. The material properties of this material, measured over a range of temperatures and strain rates 
will be provided in a separate report. 

2.0 Methods 

Impact tests were conducted on flat A1-2024T3/T351 and Ti-6AL-4V panels with two different areal 
dimensions, 24- by 24-in. large panel and 15- by 15-in. small panel. The smaller panels were impacted in 
a normal direction with a cylindrical projectiles ranging in diameter from 0.5 to 0.75 in. The larger panels 
were impacted by the NGFBF as a simplified simulation of a blade impacting containment structure in an 
oblique orientation. Different test setups were used for the two sets of impact tests, as described in the 
following sections. Strains and displacements were measured on the back side of the panels and post-test 
metallography was selectively performed to characterize the material microstructure and damage and 
failure in the test specimens. 
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2.1 Materials 


Impact tests were conducted on Al-2024 T3/T351 (AMS 4037) and Ti-6A1-4V (AMS 4911) sheet and 
plate material of the thicknesses shown in Table 1. The nominal thickness is the thickness stated on the 
certification sheet and the actual thickness is based on averages of multiple measurements of the as- 
received material. The material certification sheets are given in Appendix A. For consistency, future 
reference to target thickness in this report refers to the nominal thickness of the material. 


TABLE L— TEST SPECIMEN NOMINAL AND MEASURED THICKNESSES (in.) 



Small panel 

Large panel 

Al-2024 

Nominal 

Actual 


0.125 

0.126 

0.25 

0.255 

0.5 

0.503 

0.5 

0.503 

Ti-6A1-4V 

Nominal 

Actual 

0.09 

0.092 

0.14 

0.135 

0.25 

0.254 

0.5 

0.515 

0.09 

0.092 


2.1.1 Material Chemistry 

Chemistry was checked by spectroscopy at GRC for all of the plates tested in this study. The results 
for A1-2024T3/T351 are shown in Table 2 and are within the ranges given in AMS 4037. 


TABLE 2. — Al-2024 CHEMISTRY (wt %) 


Element 

Panel thickness 
(in.) 

AMS 4037N 

0.125 

0.25 

0.5 

Min 

Max 

Cr 

0.003 

0.032 

0.01 


0.1 

Cu 

4.41 

4.32 

4.21 

3.8 

4.9 

Fe 

0.12 

0.25 

0.19 


0.5 

Mg 

1.43 

1.26 

1.27 

1.2 

1.8 

Mn 

0.60 

0.55 

0.55 

0.3 

0.9 

Si 

0.06 

0.10 

0.1 


0.5 

Ti 

0.032 

0.017 

0.019 


0.15 

Zn 

0.09 

0.12 

0.17 


0.25 

A1 

Balance 

Balance 

Balance 


Balance 


The chemical results for Ti-6A1-4V from NASA spectroscopy analysis are shown in Table 3. The 
columns in Table 3 labeled “Cert” refer to the values given in the material certification sheets in 
Appendix A. The chemical composition of the Ti-6-4 materials is consistent with the ranges specified in 


AMS 4911. 


TABLE 3. — Ti-6A1-4V CHEMISTRY (wt %) 


Element 

Panel thickness, 
in. 

AMS 491 1J 


0.09 

Cert 

0.135 

Cert 

0.25 

Cert 

0.5 

Cert 

Min 

Max 

A1 

6.74 

6.16 

6.56 

6.27, 6.32 

6.13 

5.91,6.03 

6.64 

6.27 

5.50 

6.75 

V 

4.07 

3.82 

3.99 

3.94, 4.03 

3.97 

4.00, 4.02 

4.04 

4.08 

3.50 

4.50 

Fe 

0.16 

0.17 

0.15 

0.13,0.16 

0.18 

0.19, 0.20 

0.13 

0.16 


0.30 

O 

0.151 

0.150 

0.146 

0.162,0.145 

0.173 

0.185,0.200 

0.190 

0.170 


0.20 

C 

0.003 

0.009 

0.017 

0.023, 0.027 

0.016 

0.020, 0.020 

0.011 

0.016 


0.08 

N 

0.006 

0.005 

0.006 

0.004, 0.005 

0.006 

0.006, 0.007 

0.006 

0.006 


0.05 

Ti 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 
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2.1.2 Material Texture and Microstructure 

The texture and microstructure of all materials used in this study were examined. Techniques and 
results are given for texture in Appendix B. The aluminum plates were found to have cube textures typical 
of annealing textures observed in face center cubic (FCC) structure materials. The Ti-6A1-4V plates had 
either basal or transverse textures typical of hexagonal close packed structure (HCP) materials. For both 
materials the sharpness of the texture (degree of anisotropy) in each plate varied from plate to plate. This 
is most likely due to the specific thermal-mechanical processing history rather than a direct consequence 
of the plate thickness. Therefore, any future plate could have more or less texture than those observed in 
this study. 

Appendix C describes the microstructures for each plate. The aluminum plates exhibit pancake-shape 
grains typical of aluminum alloys with their longest dimension in the rolling direction. The 1/8 in. thick 
aluminum has the most equiaxed and the smallest grains. The Ti-6A1-4V plates each have their own 
unique microstructure dependent on their thermal-mechanical history, yet typical of alpha-beta titanium 
alloys. 

Appendix D is a description of material pedigree for separate purchases of Ti-6A1-4V plates to permit 
some comment on the variation in pedigree. The additional plates had normal chemistry and 
microstructure for annealed Ti-6-4. The textures were typical of rolled plate. The degree of anisotropy as 
given by the texture index was no greater than 1.54 for all eight plates examined. 

2.2 Small Panel Test Setup 

Twelve Ti-6A1-4V and fifteen Al-2024 target ballistic impact tests were conducted on each of the 
different thickness target panels shown in Table 1, with the exception of the 0.5 in. thick Ti-6A1-4V for 
which limited material was available. The projectiles were cylindrical with a large radius almost flat front 
face and impacted the plates in a normal orientation at the center of the plate. The only exception to this 
was with the 0.5 in. thick Ti-6A1-4V specimens, for which there were only eleven impact tests and 
multiple impacts were conducted on each panel, at least 3 in. away from each other. The 0.5 in. thick Ti- 
6A1-4V multiple tests on a single panel was considered acceptable as the damage was highly localized. 
The tests were designed such that the ballistic limit velocity for the particular combinations of projectiles 
and panels was in the range of 600 to 900 ft/sec. This corresponds to the high-speed range of the center of 
mass of a typical uncontained engine fan blade fragment. The impact tests were conducted at speeds 
above and below the ballistic limit so that some projectiles penetrated and some did not. 

2.2.1 Al-2024 Test Specimens 

Al-2024 sheet and plate, AMS 4037 of three different thicknesses, nominally 0.125, 0.25 and 0.5 in. 
were tested. The 0.125 in. material had a temper of T3 and the 0.25 in and 0.5 in. material had a temper of 
T351. The certified test reports for the material are shown in Appendix A and actual measured 
thicknesses are reported in Table 1. 

The test specimens were cut in squares, 15 in. on a side, with through holes for mounting bolts as 
shown in Figure 1. The through holes were 9/16 in. diameter on a 13 in. diameter bolt-hole circle. They 
were held in massive steel fixtures with a circular aperture shown in Figure 2(a) and (b). The two parts of 
the fixture were 1.5 in. thick steel. 
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15.000 


Figure 1. — Small Panel Test Specimen (dimensions in inches). 
24.0 H 




Figure 2. — Test Fixture Assembly, (a) front and side view (dimensions in inches), and (b) Clamp Fixture Assembly. 
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2.2.2 Ti-6A1-4V Test Specimens 

The titanium test specimens were Ti-6A1-4V, AMS 4911, with nominal thicknesses of 0.09, 0.14, 

0.25 and 0.5 in., and the same areal dimensions as the aluminum specimens discussed above. The material 
certification test reports for the material are shown in Appendix A and actual measured thicknesses are 
reported in Table 1. 

2.2.3 Projectiles 

The projectiles used for the small panel testing were cylindrical with varying length, diameter and 
material (Figure 3). They had a relatively large nose radius of 2.75 in., which allowed a slight deviation of 
5° in the normal orientation of the projectile without a front edge impact. The edge of the front face was 
“broken” with a 1/32 in. radius. 

2.2.3. 1 Projectiles for Aluminum Panels 

The projectiles used for the 0.125 and 0.25 in. aluminum plates were Ti-6A1-4V cylinders, AMS 
4928, with a hardness of 36-37 HRC and a diameter of 0.5 in. The projectiles used for the 0.125 in. plates 
were 0.7 in. long with a nominal mass of 9.9 gram. The projectiles used for the 0.25 in. plates were 0.9 in. 
long with a nominal mass of 12.8 gram. The projectiles used for the 0.5 in A1 plate had a similar geometry 
but were manufactured from A2 tool steel and hardened to Rockwell 59C. The diameter was 0.5 in. and 
initially had a length of 1.5 in. The length was reduced to 1.125 in. after four tests indicated that the 
longer projectile resulted in a penetration velocity below that desired by this program. 


R0.032 


1.459 


R2.750 


\+ — 00. 500 


Figure 3. — Sample Small Panel 
Projectile (length and diameter vary 
depending on test specimen 
thickness and material. Dimensions 
in inches.) 
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2.2.3.2 Projectiles for Titanium Panels 

The projectiles used for the 0.09 in. thick Ti-6A1-4V panels were 0.5 in. diameter, 1 in. long Ti-6A1- 
4V, AMS 4928, with a hardness of 36-37 HRC, an average mass of 14.05 gram and the same nose profile 
as described above. For the 0.14 in. thick Ti-6A1-4V panels, two different projectiles were used to 
investigate the effects of projectile hardness. The first set of tests used a Ti-6A1-4V projectile similar to 
the 0.09 in. panel tests, but 1.5 in long and with an average mass of 21.28 gram. The second set of tests on 
the 0.14 in. thick Ti-6A1-4V panels utilized a hardened A2 tool steel projectile with a diameter of 0.5 in., 
a length of 0.86 in., an average mass of 21.25 gram and a hardness of 59 HRC. For the 0.25 in. thick Ti- 
6A1-4V panels the projectile was 0.5 in. diameter, 0.875 in. long A2 tool steel with an average mass of 
21.56 gram and a hardness of 59 HRC. The projectiles used for the 0.5 in. thick Ti-6A1-4V were 
considerably larger and heavier than any of the others, as shown in Table 2. A sample small panel 
projectile is shown in Figure 3. 

The panel thickness and projectile information is summarized in Table 4. Actual thickness of panels 
were slightly different from the nominal, as shown in Table 1. 


TABLE 4.— PROJECTILES USED FOR SMALL PANEL IMPACT TESTS 


Target material 

Nominal thickness, 
in. 

Projectile material 

Hardness, 

HRC 

Length, 

in. 

Diameter, 

in. 

Mass, 

gram 

A12024 

0.125 

Ti-6A1-4V, AMS 4928 

36-37 

0.7 

0.5 

9.0 

A12024 

0.25 

Ti-6A1-4V, AMS 4928 

36-37 

.9 

.5 

12.8 

A12024 

0.5 

A2 Tool Steel 

59 

1.125 

.5 

28.0 

Ti-6A1-4V 

0.09 

Ti-6A1-4V, AMS 4928 

36-37 

1.0 

.5 

14.05 

Ti-6A1-4V 

0.14 

Ti-6A1-4V, AMS 4928 

36-37 

1.5 

.5 

21.28 

Ti-6A1-4V 

0.14 

A2 Tool Steel* 

59 

.86 

.5 

21.25 

Ti-6A1-4V 

0.25 

A2 Tool Steel 

59 

.875 

.5 

21.56 

Ti-6A1-4V 

0.5 

A2 Tool Steel 

63 

2.25 

.75 

126.3 


* Used to study the effect of projectile hardness on penetration speed 


2.2.4 Gas Gun 

The cylindrical projectiles were accelerated with a helium filled gas gun connected to a vacuum 
chamber, shown in Figure 4. The gun barrel had a length of 12 ft and a bore of 2.0 in. The pressure vessel 
was made up of sections as shown in Figure 5, with a total volume of 681 in 3 . The projectile was carried 
down the gun barrel supported by rigid foam in a cylindrical polycarbonate sabot shown in Figure 6. The 
gun barrel protruded into the vacuum chamber which held the fixture for the specimens. The sabot was 
stopped at the end of the gun barrel by a stopper plate with a through-hole large enough to allow the 
projectile to pass through. This stopper system was designed such that the bottom of the sabot, including 
the o-rings, remained in the gun barrel and formed a seal which prevented the gas pressure behind the 
sabot from affecting the pressure in the vacuum chamber. 

2.2.5 Instrumentation 

Data acquired from the impact tests included measurements of the impact velocity, post-impact 
velocity (if penetration occurred) projectile orientation prior to impact, strain gage measurements and full 
field backside strain and displacement measurements using a digital image correlation system. In 
addition, high speed cameras provided qualitative observations of each test. 
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Figure 4. — Large Vacuum Gas Gun (shown with 3 in. diameter gun barrel). 



Figure 5. — Pressure vessel. 
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Figure 6. — Sabots used to transport projectile down the gun barrel. (Post-test 
sabot shown in center.) 


ARAMIS cameras 
rear view ^ 


Side camera 


Rear 

view 


Front 

view 



Figure 7. — Schematic of a top view of the vacuum chamber 
showing the high speed camera locations. 


2.2.5.1 General Photo-Instrumentation 

Seven high speed digital cameras were used for each test. These cameras provided a side view of the 
front of the panel and two views of the rear of the panel (side and top) for post-impact velocity 
measurement. In addition, a calibrated pair of cameras located above and in front of the panel were used 
to measure impact velocity and projectile orientation, and a calibrated pair of cameras viewing the 
backside of the panel were used to compute the backside displacement and strain. The locations of these 
cameras are shown schematically in Figure 7. 
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2.2.5.2 


Point Strain Measurement 


Six of the 15 panels from each of the three thicknesses were instrumented with strain gages. Four of 
these six instrumented panels had five uniaxial strain gages located as shown in Figure 8. The other two 
of the instrumented panels had triaxial rosettes substituted for two of the uniaxial gages, resulting in nine 
strain measurements (Figure 9). The uniaxial strain gages were Vishay Micro-Measurements EA-06- 
125AD-120 (Vishay Micro-Measurements, Malvern, PA), with a gage factor of 2.085. The triaxial 
rosettes were Vishay Micro-Measurements WA-06-060WR-120 with a gage factor of 2.11. The strain 
gage bridge completion, signal conditioning and recording were performed with a Spectral Dynamics 
Impax-SD measurement and control system utilizing SD-VX2805 data acquisition modules (Spectral 
Dynamics, Inc., San Jose, CA). The acquisition rate for the strain gages was 1.25 Msamples/sec. 

2.2.5.3 Projectile Speed and Orientation 

The speed and orientation of the projectile were measured by tracking the position of two points on 
the projectile and the position of three fixed points which defined the fixed laboratory coordinate system. 
The point tracking was accomplished with the use of a calibrated pair of high speed cameras (Phantom 
V7.3, Vision Research, Inc., Wayne, NJ) and the PONTOS point tracking software system (GOM, 
Braunschweig, Germany). The three fixed points were located on a metal plate mounted to the specimen 
fixture in a horizontal plane directly below the path of the projectile as shown in Figure 10. The three 
points defined a coordinate system with the X-axis pointing in the opposite direction of the direction of 
travel of the projectile, the Z axis vertically upward and the Y-axis in the horizontal plane and in a 
direction defined by the vector product of unit vectors in the Z and X directions respectively (Figure 10). 
The origin of the coordinate system was at point 1 shown in Figure 10. All positions reported for the 
projectile and the impact point were computed with respect to this coordinate system. In this coordinate 
system, the center of the impact surface of the test specimens is at (-4.24, 0.8125, 1.125) in. 



Figure 8. — Strain gage locations on panels with five gages. 
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Figure 9. — Strain gage locations on panels with nine gages. 



The post-impact velocity for the aluminum panel testing was measured with two high speed cameras 
on the backside of the panel, oriented normal to the path of the projectile, one viewing from above and 
one viewing from the left side (viewing from the gun barrel). These cameras were calibrated prior to the 
impact test using an aluminum rod protruding from the gun barrel with calibration marks located at every 
inch. Calibration tests in which no panel was mounted indicated that the differences in velocity 
measurements between the two cameras and the PONTOS system were well under 1%. 

For the Ti-6A1-4V panel testing, the orthogonal camera system for exit velocity measurement was 
replaced with a second pair of calibrated cameras and the PONTOS point tracking system. 

2.2.5.4 Full Field Displacement and Strain 

Full field displacement and strain measurements were obtained using a calibrated pair of high speed 
digital cameras (Photron model SA1.1, Photron USA, San Diego, CA) and a digital image correlation 
software package (ARAMIS, GOM, Braunschweig, Germany). The cameras were located on the outside 
of the vacuum chamber and viewed the backside of the panel through two viewports. The distance from 
the cameras to the panel was approximately 36 in. and the distance between the cameras was 
approximately 16 in. For test DB58 and prior tests, the cameras recorded an area of approximately 4- by 
4-in. with a resolution of 128 pix in the horizontal direction and 128 pix in the vertical direction and a 
frame rate of 180,000 frames/sec. Later tests used a resolution of 128 x 160 pixels and a frame rate of 
150,000 frames/sec. The back side of each panel was painted with a random set of black dots on a white 
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background as required by the ARAMIS software. From the images, the software computed the 
displacements in three directions at any point in the view for every recorded frame. In-plane strains on the 
back surface of the panel were computed from the displacements. 

2.3 Large Panel Test Setup 

Four ballistic impact tests were conducted on larger flat panels of each material. These tests were 
designed to involve a more realistic projectile and non-normal impact orientation to provide data for 
validation of numerical models under conditions more complex than the small panel tests. It also is a 
better representative laboratory test for a turbine engine blade release event. Since the release of an engine 
blade is tangential, as the blade is released the tip makes contact in such a way that it tends to bend, as 
opposed to a blade exiting in a purely radial direction. This creates a moment and the blade rotates after 
initial contact, with the heavier root section often being the part of the blade that penetrates the engine 
case. This test is a simple rig test to try to more represent this type of impact. 

2.3.1 Test Specimens 

The aluminum test specimens were 24- by 24-in. A1 2024-T351 with a nominal thickness of 0.25 in. 
The titanium test specimens were 24- by 24-in. Ti-6A1-4V, AMS 4911, with a nominal thickness of 
0.090 in. The material certification sheets are shown in Appendix A. The panels were held at a 45° angle 
in a square fixture with a 20- by 20-in. aperture as shown in Figure 11. The panels were through-bolted 
with 24 0.5 in. bolts equally spaced around the sides, 1 in. in from the edges. 

2.3.2 Projectile 

The NGFBF projectile used for the large panel test was designed to include some of the features of a 
real fan blade, such as a thin tip and a heavier shank, while being relatively simple to manufacture and 
model. It was made from Ti-6A1-4V, AMS 4911 and had a nominal mass of 340 gram. The dimensions 
are shown in Figure 12 and a still image from a high speed video of an impact test, directly before impact 
is shown in Figure 13. 



Figure 1 1 . — Schematic of the Large Panel Test Setup showing the 
orientation of the projectile and test specimen. 
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Figure 13. — Still image from a high speed movie of an impact test taken directly before impact. 
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Figure 14. — Projectile Coordinate System. 


2.3.3 Instrumentation 

Full field displacement data on the back side of the impacted panels were obtained using a pair of 
calibrated high speed cameras and a digital image correlation (DIC) system, similar to the small panel 
tests. In these tests the cameras were operating at 32,000 frames per second with a spatial resolution of 
256x256 pixels. In addition a second pair of calibrated cameras and DIC system were used to track the 
position of individual points on the projectile. From these data, the impact velocity and orientation of the 
projectile were computed. The cameras used for the projectile information were operating at 12,500 
frames/sec with a resolution of 512 pixels in the horizontal direction and 288 pixels in the vertical 
direction. 

For measuring the projectile orientation a coordinate system was established on the projectile as 
shown in Figure 14. The fixed laboratory coordinate system was specified such that the X direction was in 
the direction of the axis of the gun barrel. The Y direction was to the right when looking toward the test 
specimen from the gun barrel and the Z direction was vertically downward. The desired orientation of the 
projectile at impact was 0° about the X axis (roll), 45° about the projectile y axis (pitch), and 0° about the 
(rotated) projectile z axis (yaw). In this orientation the angle between the projectile and the test panel was 
90°. This orientation was not achieved exactly in all tests, but the actual orientations (Euler angles) were 
measured and recorded. 

3.0 Results and Discussion 

3.1 Small Panel Impact Tests 

A summary of the small panel impact tests for each of the two materials is given in Table 5 and 
Table 6. In these tables the impact angle is the angle between the axis of the cylindrical projectile and the 
normal direction to the panel at the moment of impact. 
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TABLE 5.— SMALL PANEL IMPACT RESULTS LOR Al-2024 
(a) Impact Results for 0.125 in. Thick Al-2024 


Test 

Projectile mass, 
gram 

Projectile impact 
velocity, 
ft/sec 

Projectile exit 
velocity, 
ft/sec 

Projectile impact 
angle, 
deg 

Comments 

DB54 

9.90 

739 

41 

1.2 

Penetrated 

DB55 

9.88 

722 

176 

2.1 

Penetrated 

DB56 

9.90 

707 

69 

1.7 

Penetrated 

DB57 

9.90 

674 

0 

3.9 

Contained 

DB66 

9.92 

782 

383 

1.9 

Penetrated 

DB67 

9.91 

642 

0 

3.1 

Contained 

DB68 

9.90 

626 

0 

1.0 

Contained 

DB69 

9.90 

673 

0 

1.1 

Contained 

DB70 

9.90 

679 

0 

3.2 

Contained 

DB71 

9.93 

920 

697 

1.7 

Penetrated 

DB73 

9.95 

883 

644 

1.3 

Penetrated 

DB74 

9.95 

978 

803 

6.1 

Penetrated 

DB75 

9.90 

858 

610 

1.7 

Penetrated 

DB76 

9.95 

666 

0 

3.1 

Contained 

DB77 

9.85 

663 

0 

2.4 

Contained 


(b) Impact Results for 0.25 in. Thick Al-2024 


Test 

Projectile mass, 
gram 

Projectile impact 
velocity, 
ft/sec 

Projectile exit 
velocity, 
ft/sec 

Projectile impact 
angle, 
deg 

Comments 

DB39 

12.8 

795 

386 

5.8 

Penetrated 

DB42 

12.8 

729 

0 

3.9 

Contained 

DB44 

12.8 

721 

0 

2.6 

Contained 

DB45 

12.8 

752 

0 

4.0 

Hole, projectile rebounded 

DB47 

12.8 

710 

17 

2.2 

Penetrated 

DB51 

12.7 

734 

172 

5.6 

Penetrated 

DB52 

12.8 

763 

153 

3.2 

Penetrated 

DB58 

12.7 

750 

0 

7.8 

Projectile lodged, plug ejected 

DB59 

12.7 

746 

145 

2.7 

Projectile lodged, plug ejected 

DB60 

12.8 

713 

0 

4.7 

Contained 

DB61 

12.8 

733 

0 

3.3 

Contained 

DB62 

12.8 

685 

0 

3.8 

Contained 

DB63 

12.7 

648 

0 

1.2 

Contained 

DB64 

12.8 

861 

444 

0.6 

Penetrated 

DB65 

12.8 

938 

494 

0.3 

Penetrated 


(c) Impact Results for 0.5 in. Thick Al-2024 


Test 

Projectile mass, 
gram 

Projectile impact 
velocity, 
ft/sec 

Projectile exit 
velocity, 
ft/sec 

Projectile impact 
angle, 
deg 

Comments 

DB79 

37.6 

757 

232 

0.5 

Penetrated 

DB80 

37.5 

717 

279 

1.0 

Penetrated 

DB81 

37.5 

690 

239 

0.8 

Penetrated 

DB82 

37.6 

659 

155 

1.5 

Penetrated 

DB83 

27.9 

786 

0 

1.3 

Contained, plug almost ejected 

DB84 

28.1 

832 

0 

1.0 

Projectile lodged, plug ejected 

DB85 

28.0 

876 

143 

1.7 

Penetrated 

DB86 

28.0 

751 

0 

1.4 

Contained 

DB87 

28.0 

819 

212 

0.4 

Penetrated 

DB88 

28.0 

961 

400 

9.4 

Penetrated 

DB89 

28.0 

906 

191 

2.2 

Penetrated 

DB90 

28.0 

851 

114 

0.8 

Penetrated 

DB91 

28.0 

843 

244 

0.9 

Penetrated 

DB92 

28.0 

759 

187 

1.8 

Penetrated 

DB93 

28.0 

717 

0 

1.6 

Projectile lodged, plug ejected 
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TABLE 6.— SMALL PANEL IMPACT RESULTS FOR Ti-6A1-4V 
(a) Impact Results for 0.09 in. Thick Ti-6A1-4V 


Test 

Projectile mass, 
gram 

Projectile impact 
velocity, 
ft/sec 

Projectile exit 
velocity, 
ft/sec 

Projectile impact 
angle, 
deg 

Comments 

DB126 

14.01 

768 

369 

3.8 

Penetrated 

DB127 

14.02 

720 

(116) 

4.5 

Contained 

DB128 

14.04 

640 

(61) 

4.4 

Contained, no crack 

DB129 

14.01 

716 

(64) 

10.4 

Contained, petal 

DB130 

14.06 

764 

385 

6.0 

Penetrated 

DB132 

14.10 

864 

630 

2.3 

Penetrated 

DB133 

14.04 

706 

(75) 

4.1 

Contained, petal 

DB134 

14.09 

668 

(76) 

5.1 

Contained, petal 

DB135 

14.07 

705 

(57) 

0.9 

Contained 

DB136 

14.05 

669 

(29) 

3.7 

Contained, crack 

DB137 

14.08 

777 

377 

2.4 

Penetrated 

DB138 

14.08 

637 

(52) 

0.1 

Contained 


* Rebound velocity given in parentheses where available 


(b) Impact Results for 0.14 in. 


Thick Ti-6A1-4V (Using Ti-6A1-4V Projectile) 


Test 

Projectile mass, 
gram 

Projectile impact 
velocity, 
ft/sec 

Projectile exit 
velocity, 
ft/sec 

Projectile impact 
angle, 
deg 

Comments 

DB144 

21.23 

725 

(116) 

2.7 

Contained, crack 

DB145 

21.24 

695 

(61) 

1.5 

Contained, no crack 

DB146 

21.25 

743 

(106) 

2.3 

Contained, flap 

DB147 

21.33 

785 

298 

8.0 

Penetrated 

DB148 

21.26 

901 

571 

3.7 

Penetrated 

DB149 

21.29 

743 

(70) 

0.7 

Contained 

DB150 

21.29 

783 

262 

1.3 

Penetrated 

DB151 

21.30 

773 

36 

2.2 

Penetrated 

DB152 

21.30 

904 

625 

0.7 

Penetrated 

DB153 

21.30 

861 

580 

2.0 

Penetrated 

DB154 

21.27 

771 

232 

1.6 

Penetrated 

DB155 

21.26 

757 

(15) 

1.4 

Contained 


* Rebound velocity given in parentheses where available 


(c) Impact Results for 0.14 in. Thick Ti-6A1-4V (Using Hardened Steel Projectile) 


Test 

Projectile mass, 
gram 

Projectile impact 
velocity, 
ft/sec 

Projectile exit 
velocity, 
ft/sec 

Projectile impact 
angle, 
deg 

Comments 

DB157 

21.25 

674 

Not measurable 

3.9 

Penetrated 

DB160 

21.24 

614 


3.4 

Contained 

DB161 

21.26 

650 


3.5 

Contained 

DB162 

21.25 

651 


1.3 

Contained 


NASA/TM— 20 13-217869 


15 






TABLE 6.— CONCLUDED. 

(d) Impact Results for 0.25 in. Thick Ti-6A1-4V 


Test 

Projectile mass, 
gram 

Projectile impact 
velocity, 
ft/sec 

Projectile exit 
velocity, 
ft/sec 

Projectile impact 
angle, 
deg 

Comments 

DB114 

21.52 

752 

241 

2.2 

Penetrated 

DB115 

21.51 

710 

(59) 

1.7 

Penetrated, flap 

DB118 

21.61 

715 

(41) 

6.8 

Contained, plug 

DB119 

21.62 

630 

(14) 

5.5 

Contained, crack 

DB121 

21.55 

696 

(16) 

3.0 

Contained, flap 

DB122 

21.59 

650 

(21) 

2.1 

Contained 

DB123 

21.54 

814 

336 

1.7 

Penetrated 

DB124 

21.58 

852 

372 

1.5 

Penetrated 

DB125 

21.61 

911 

396 

5.0 

Penetrated 

DB139 

21.54 

619 

(57) 

Not available 

Contained 

DB140 

21.55 

762 

277 

2.0 

Penetrated 

DB141 

21.55 

753 

281 

1.1 

Penetrated 


* Rebound velocity given in parentheses where available 


(e) Impact Results for 0.5 in. Thick Ti-6A1-4V 


Test 

Projectile mass, 
gram 

Projectile impact 
velocity, 
ft/sec 

Projectile exit 
velocity, 
ft/sec 

Projectile impact 
angle, 
deg 

Plug 

depth, 

in. 

Comments 

DB177 

126.3 

896 

475 

620 

Full 

Penetrated 

DB178 

126.4 

865 

424 

522 

Full 

Penetrated 

DB179 

126.2 

713 

241 

360 

Full 

Penetrated 

DB180 

126.2 

646 

152 

310 

Full 

Penetrated 

DB182 

126.4 

527 

0 

0 

.053 

Contained 

DB184 

126.3 

581 

0 

0 

.237 

Contained 

DB185 

126.2 

597 

0 

0 

.308 

Contained 

DB186 

126.4 

578 

0 

0 

.187 

Contained 

DB192 

126.3 

630 

0 

153 

Full 

Contained/plug released 

DB193 

126.3 

629 

104 

226 

Full 

Penetrated 

DB195 

126.3 

616 

0 

132 

Full 

Contained/plug released 


3.1.1 Projectile Residual Velocity 

The residual velocity of the projectile is plotted against the impact velocity in Figure 15 to Figure 17 
for the A12024 tests. For the 0.125 in. and the 0.25 in. A12024 plates the results show a fairly well defined 
transition between penetration and non-penetration, and a generally regular increase in residual velocity 
as the impact velocity increases. However, for the 0.5 in. thick Al-2024 plates there is a considerable 
range of impact velocities where in some cases penetration occurred and in others did not. Due to this 
unexpected result, the data for these tests were carefully reviewed to the satisfaction of the authors that 
there is no significant anomaly in the data. It is not known why this occurred for the thick aluminum 
plates. It is clear that friction plays a more important role in the thicker plates. (In some of the tests, the 
projectile became embedded in the 0.5 in. plate after a plate plug was ejected.) For the heavier and longer 
projectiles used for the 0.5 in. thick plates the projectile orientation was generally very good, so the 
impact angle could not be considered an explanation for the irregularities. 

The residual velocity of the projectile is plotted against the impact velocity in Figure 18 to Figure 21 
for the Ti-6A1-4V tests. Note that there is no residual velocity plot for the 0.14 in. thick Ti-6A1-4V 
impacted with the hardened steel projectile due to the fact that only one projectile penetrated this limited 
set of tests. The residual velocity was low, but could not be accurately measured. For all the Ti-6A1-4V 
tests there was a well-defined transition between tests where penetration occurred and those where there 
was no penetration as well as a generally regular increase in residual velocity as the impact velocity 
increased. 


NASA/TM— 20 13-217869 


16 





Residual Velocity (ft/sec) ^ Residual Velocity 


600 


900 


100 






700 800 


Impact Velocity (ft/sec) 

: igure 15. — Exit velocity vs. impact velocity for 0.125 in. thick AI-2024 sheet. 
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Figure 16. — Exit velocity vs. impact velocity for 0.25 in. thick AI-2024 plate. 
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Figure 17. — Exit velocity vs. impact velocity for 0.5 in. thick AI-2024 plate. 
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Figure 18. — Exit velocity vs. impact velocity for 0.09 in. thick Ti-6AI-4V sheet. 
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Figure 19. — Exit velocity vs. impact velocity for 0.14 in. thick Ti-6AI- 
4V sheet with Ti-6-4 projectile. 
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Figure 20. — Exit velocity vs. impact velocity for 0.25 in. thick Ti-6AI- 
4V plate. 
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Figure 21 . — Exit velocity vs. impact velocity for 0.5 in. thick Ti-6AI-4V plate. 



Figure 22. — Example of plug formed in 0.5 in. Ti-6AI-4V plate. 


For the 0.5 in. Ti-6A1-4V plates, the damage was highly localized and there was a velocity range over 
which a plug developed but was not ejected (Figure 22). This occurred in the impact velocity range of 578 
to 597 ft/sec. Above this there was a velocity range in which a plug was ejected but the projectile was 
contained. At velocities above 630 ft/sec both the plug and projectile penetrated the panel. For the tests in 
which a plug formed but was not ejected, measurements were made of the plug displacement (Table 6(e)). 
This measurement is the height of the plug face above the back surface of the plate. 

The penetration results for the two materials are presented in Figure 23 and Figure 24 which show the 
impact velocity for each test and whether or not penetration occurred. Based on the results shown in 
Figure 15 to Figure 21 and Figure 23 and Figure 24 the approximate projectile penetration velocity results 
are shown in Table 7. 
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Figure 23. — Penetration Results for AI-2024. (Dark circles indicate tests in which 
penetration occurred. Open circles indicate tests where there was no 
penetration.) 



Figure 24. — Penetration results for Ti-6AI-4V. (Dark circles indicate tests in which 
penetration occurred. Open circles indicate tests where there was no 
penetration.) 
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TABLE 7.— APPROXIMATE PROJECTILE PENETRATION 
VELOCITY FOR THE SMALL PANEL IMPACT TESTS 


Target 

material 

Nominal 

thickness, 

in. 

Projectile 

material 

Hardness, 

HRC 

Length, 

in. 

Mass, 

gram 

Projectile 

penetration 

velocity, 

ft/sec 

A12024 

0.125 

Ti-6A1-4V 

36-37 

0.7 

9.0 

700 

A12024 

0.25 

Ti-6A1-4V 

36-37 

.9 

12.8 

750 

A12024 

0.5 

A2 Tool Steel 

59 

1.125 

28.0 

800 

Ti-6A1-4V 

0.09 

Ti-6A1-4V 

36-37 

1.0 

14.05 

740 

Ti-6A1-4V 

0.14 

Ti-6A1-4V 

36-37 

1.5 

21.28 

770 

Ti-6A1-4V 

0.14 

A2 Tool Steel* 

59 

.86 

21.25 

650 

Ti-6A1-4V 

0.25 

A2 Tool Steel 

59 

.875 

21.56 

735 

Ti-6A1-4V 

0.5 

A2 Tool Steel 

62-63 

2.25 

126.2 

629 


*Used to study the effects of projectile hardness 
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Figure 25. — Kinetic energy lost by projectile in AI-2024 impact tests. 

3.1.2 Projectile Kinetic Energy Absorbed 

A useful metric for impact model validation is the amount of kinetic energy absorbed by a panel when 
impacted. Figure 25 shows the kinetic energy absorbed by the A12024 test panels. This is defined simply as 
the difference in projectile kinetic energy before and after impact and does not take into account the kinetic 
energy of the plug if one was ejected. In many cases it was not possible to accurately measure the plug 
kinetic energy, but in general it was less than 5% of the total energy absorbed. The curved reference lines 
represent the kinetic energy of the projectile as a function of impact velocity. For cases where all of the 
kinetic energy was absorbed (no penetration), the data points lie on the curves. For higher velocities where 
the projectile has residual kinetic energy, the points fall below the curves. Figure 26 to Figure 28 show the 
same information for the Ti-6A1-4V plates. The data is plotted on separate graphs for clarity. In general, for 
speeds just above the penetration velocity the amount of energy absorbed is slightly less than that at just 
below the penetration velocity. However, as speeds increase, there is no general trend. The data shows that 
for thicker panels (0.25 in. and above) the amount of energy absorbed increases as the speed increases 
beyond the penetration velocity. For thinner panels (0.14 in. and lower) the energy absorbed tends to 
decrease with increasing impact velocity. This may be indicative of a role that friction may play in the 
impact process. Another explanation may be related to the different failure modes in thicker specimens and 
related strain rate hardening effects. At this point there is not enough data to support a general conclusion. 
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Figure 28. — Kinetic energy lost by projectile in 0.5 in. Ti-6AI-4V impact tests. 

3.1.3 Effects of Projectile Hardness 

Referring to Table 7, it can be seen that the Ti-6A1-4V projectile used on the 0.14 in. thick Ti-6A1-4V 
material (row 5) had a similar mass to the hardened steel projectile used with the 0.25 in. thick Ti-6A1- 
4V. The penetration velocity for the thicker material was lower than that of the thinner material. It was 
suspected that the cause for this was the difference in material properties of the projectiles. Macroscopic 
examination of the two types of projectiles demonstrated mushrooming on the front face of the Ti-6-4 
projectiles (Figure 29) which was an obvious indication of extensive plastic deformation. However there 
were no signs of slip bands, shear bands or grain distortion due to the deformation. In addition, a hardness 
profile was taken from the top radius of the projectile into the core, looking for evidence of work 
hardening. Hardness readings were independent of location. The only sign of plasticity was the 
deformation. 

No evidence of plasticity or macro deformation was seen in the hardened A2 projectiles. However, 
micro-hardness profiles indicated that the surface of the projectile was softer than the core. The surface 
had a hardness of approximately HRC45 and got increasingly harder toward the center of the projectile, 
until it reached a constant value of HRC64 at a distance of 200 pm from the surface. The projectile core 
hardness is similar to the values for projectile hardness provided in Table 4, since the values in Table 4 
were only taken in the core. The reduced hardness at the projectile surface is believed to be due to 
decarburization of the surface during heat treatment. In some cases the projectiles were hardened in an air 
atmosphere, producing some surface scale. However, a hardness value of HRC45 is relatively high 
compared with the Ti-6A1-4V test panel and probably did not affect the overall behavior significantly. 

An additional set of tests was conducted on the 0.14 in. thick Ti-6A1-4V plates using a hardened steel 
projectile of the same mass as the Ti-6A1-4V projectile (see Table 7, row 6). As shown in the table, there 
was a considerable reduction (15%) in the penetration speed. Simple elastic-plastic LS-DYNA analyses 
confirmed a significant increase in plastic strains in the panel with a projectile having a higher yield 
strength, and therefore hardness, and it can be speculated that the higher impedance of the harder 
projectile induces higher particle velocities and resulting higher strains. It has been observed elsewhere in 
Anderson et al. (Ref. 1) that the ballistic limit velocity decreases significantly when the hardness of the 
projectile exceeds that of the target. In thick targets, it has been shown by Forrestal and Piekutowski 
(Ref. 2) that penetration depth increases and projectile deformation decreases as the hardness of the 
projectile increases. Hardness is an indicator of material yield strength. 
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Figure 29. — Evidence of extensive plastic deformation in Ti-6AI-4V projectile. 


Impact Test on 0.135 in. Ti-6AI-4V 
Cameras running at 300,000 frames/sec 
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Figure 30. — Sequential frames from front and back cameras viewing an impact on a 0.135 in. 
thick Ti-6AI-4V specimen. 


3.1.4 Boundary Conditions 

One impact test was conducted using a higher camera frame rate to determine the time duration for 
failure to develop in a panel compared with the time required for a stress wave to reach the panel 
boundaries and back. This test was conducted to determine whether boundary conditions play a role in the 
penetration process. This test was conducted on a 0.14 in. thick Ti-6A1-4V test panel. Two synchronized 
cameras, operating at 300,000 frames/sec, showed the time of impact and the time at which damage was 
fully evident on the back side of the panel. Due to the high frame rate, the spatial resolution was limited. 
The test was somewhat qualitative as the time at which damage fully developed is a matter of judgment. 
Sequential frames from the two cameras are shown in Figure 30. Each frame is separated by a time of 
3.33 psec. Based on strain gage measurements at different distances from the impact point, the speed of 
the fastest recorded strain wave in the panel was 208,000 in./sec. For a 10 in. traverse distance (5 in. to 
the panel boundary and 5 in. back), the time duration is approximately 48.1 psec, corresponding to 
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approximately 14 camera frames. It is clear from the images in Figure 29 that damage is fully developed 
within eight frames for this thickness panel. This leads to the conclusion that the boundary conditions do 
not play a role in panels of this thickness. 

3.1.5 Strain Measurements 

Strain measurements on the backside of the panels were recorded using both strain gages and the 
digital image correlation (DIC) system. Because of the large volume of strain data collected in this study, 
they are not reported here. However a number of comparisons were conducted to check the correlation 
between strain measurements using the two measurement methods. It was questionable whether using the 
DIC system to measure the strain at the actual location of the gage would give accurate results, due to the 
coating used and the existence of the gage itself. So in addition to comparing the results at the gage 
location, the strain gage results were also compared with DIC results at the same radial distance from the 
impact point, but at a location 180° away. Figure 31 shows two strain gage and two DIC strain 
measurements at four locations on a 0.125 in. thick Al-2024 panel impacted at 679 ft/sec, approaching the 
penetration velocity (test DB70, Table 6(a)). Strain gage measurements are shown from gages 2 and 7, 
which, referring to Figure 9, are both 2 in. from the center of the panel and are measuring strain in the 
radial direction. DIC strain measurements are also shown, one directly on gage 7 and the other 1 80° away 
from gage 7 at the same radial distance. It can be seen that strain gages 2 and 7 have a very similar 
response, indicating that the impact is very symmetric. The DIC strain measurement 180° away from gage 
7 also shows very good agreement. The DIC measurement directly on gage 7 has a similar response, 
although the peak values are somewhat higher. There is more noise in the DIC measurements, due mainly 
to the limited spatial resolution of the high speed cameras. However, in general the agreement is good, 
which gives confidence in the full field strain measurements available in both the small panel tests and the 
large panel tests discussed below, in which no strain gage instrumentation was used. 


4000 



Time (msec) 


Figure 31. — Comparison of strain gage (bold line) and DIC strain measurements on a 0.125 in. 
thick AL2024 panel impacted at 679 ft/sec. 
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3.2 Large Panel Impact Tests 

Four impact tests on each of the large Al-2024 and Ti-6A1-4V panels described in Section 2.2, using 
the NGFBF blade fragment simulating projectile. Results of these tests are shown in Table 8 and Table 9. 
Photos from the impact tests are shown in Figure 32 to Figure 39. It can be seen from the test photographs 
that failure initiation and the majority of the damage occurs when the heavier root section of the blade 
impacts the panel. This is consistent with what occurs in an actual jet engine fan blade out incident. 


TABLE 8.— RESULTS OF IMPACT TESTS ON LARGE Al-2024 PANELS 


Test 

ID 

Measured 

thickness, 

in. 

Projectile 

material 

Projectile 

mass, 

gram 

Impact 

velocity 

ft/sec 

Result 

LG908 

0.257 

Ti-6A1-4V 

330 

685 

Contained. 

LG909 

.259 

Ti-6A1-4V 

338 

791 

Contained, perforated 

LG910 

.257 

Ti-6A1-4V 

329 

746 

Contained, perforated 

LG911 

.257 

Ti-6A1-4V 

338 

721 

Contained, perforated 


TABLE 9.— RESULTS OF IMPACT TESTS ON LARGE Ti-6A1-4V PANELS 


Test 

ID 

Measured 

thickness, 

in. 

Projectile 

material 

Projectile 

mass, 

gram 

Impact 

velocity 

ft/sec 

Result 

LG912 

0.094 

Ti-6A1-4V 

339 

626 

Contained. Small crack 

LG913 

.095 

Ti-6A1-4V 

344 

698 

Projectile penetrated 

LG915 

.094 

Ti-6A1-4V 

344 

653 

Projectile penetrated 

LG916 

.094 

Ti-6A1-4V 

344 

569 

Contained. No cracks 


The projectile impact orientation and angular velocities for the large panel Al-2024 and Ti-6A1-4V 
panel tests are shown in Table 10. In this table, the roll angle refers to rotation of the projectile x axis 
about the fixed laboratory X axis, the pitch angle is the rotation of the projectile about the once rotated 
(rolled) y axis and the yaw is the rotation of the projectile about the twice rotated (rolled and pitched) z 
axis (refer to Figure 14). The desired orientation of the projectile at impact was (0, 45, 0). Actual 
orientations of the projectile were somewhat different due to the difficulty of precisely controlling 
orientation in the impact tests. The lack of precise control is due to the highly dynamic nature of the 
event. When the sabot impacts the sabot stopper, significant deformations occur immediately which can 
change the orientation and introduce angular velocities in the projectile as it exits the gun barrel. In 
addition, the roll angle of the sabot is not constrained as it travels down the gun barrel. 


TABLE 10.— PROJECTILE ORIENTATION AND ANGULAR VELOCITY AT IMPACT 


Test number 

Orientation angle 

Angular velocity 


Roll, 

Pitch, 

Yaw, 

Roll velocity, 

Pitch velocity, 

Yaw velocity, 


deg 

deg 

deg 

deg/sec 

deg/sec 

deg/sec 

Al-2024 

LG908 

-2.82 

90.64 

0.44 

1.24 

161.12 

-0.14 

LG909 

2.13 

75.04 

1.03 

-8.97 

155.80 

66.09 

LG910 

-5.66 

81.02 

0.77 

-6.95 

119.10 

-32.84 

LG911 

10.90 

85.47 

-1.06 

68.52 

58.41 

311.26 

Ti-6A1-4V 

LG912 

0.42 

63.92 

7.15 

1.00 

3,862.00 

-808.00 

LG913 

0.70 

88.59 

1.82 

-349.00 

8,022.00 

555.00 

LG915 

2.74 

85.52 

11.49 

555.00 

7,330.00 

1221.00 

LG916 

-4.79 

68.52 

5.60 

-172.00 

3,132.00 

622.00 
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Figure 32. — Large AI-2024 Test Panel, front and back, side test LG908. 



Figure 33. — Large AI-2024 Test Panel, front and back side, test LG909. 



Figure 34. — Large AI-2024 Test Panel, front and back side, test LG910. 
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Figure 35. — Large AI-2024 Test Panel, front and back side, test LG91 1 . 



Figure 36. — Large Ti-6AI-4V Test Panel, front and back side, test LG912. 



Figure 37. — Large Ti-6AI-4V Test Panel, front and back side, test LG913. 
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Figure 38. — Large Ti-6AI-4V Test Panel, front and back side, test LG915. 



Figure 39. — Large Ti-6AI-4V Test Panel, front and back side, test LG916. 


Full field deformation results were obtained using the DIC discussed above. Results for the Al-2024 
and Ti-6A1-4V tests in Table 8 and Table 9 are shown in Figure 40 to Figure 47. Perforation occurred in 
all of the panels except one Al-2024 panel (LG908) and one Ti-6A1-4V panel (LG916). For these panels, 
the displacement time history of the point of maximum displacement is also shown in Figure 40(c) and 
Figure 47(c) respectively. It is also noted that each deformation curve is plotted for successive camera 
frames operating at 32,000 frames per second. 
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Figure 40. — (a) Deformation profile in AI-2024 test LG908 at the time of maximum deformation, (b). Deformation 
along section line shown in Figure 40(a) as a function of time (AI-2024 test LG908). (c). Deformation as a function 
of time for the point of maximum deformation shown in Figure 40(a) (AI-2024 test LG908). 
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Figure 41. — (a) Deformation profile in AI-2024 Test LG909 after projectile penetration, (b) Deformation along section 
line shown in Figure 41(a) as a function of time (AI-2024 test LG909). 
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Figure 42. — (a) Deformation profile in AI-2024 Test LG910 after projectile penetration, (b) Deformation along section 
line shown in Figure 42(a) as a function of time (AI-2024 test LG910). 
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Figure 43. — (a) Deformation profile in AI-2024 Test LG91 1 after projectile penetration, (b) Deformation along section 
line shown in figure 43(a) as a function of time (AI-2024 test LG91 1 ) 
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Figure 44. — (a) Deformation profile in Ti-6AI-4V Test LG912 at the time of maximum deformation, (b) Deformation 
along section line shown in figure 44(a) as a function of time (Ti-6AI-4V test LG912). 
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Figure 45. — (a) Deformation profile in Ti-6AI-4V Test LG913 at the time of maximum deformation, (b) Deformation 
along section line shown in Figure 45(a) as a function of time (Ti-6AI-4V test LG913) 
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Figure 46. — (a) Deformation profile in Ti-6AI-4V Test LG915 at the time of maximum deformation, (b) Deformation 
along section line shown in Figure 46(a) as a function of time (Ti-6AI-4V test LG915). 
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Figure 47. — (a) Deformation profile in Ti-6AI-4V Test LG916 at the time of maximum deformation, (b) Deformation 
along section line shown in Figure 47(a) as a function of time (Ti-6AI-4V test LG916). (c) Deformation as a function 
of time for the point of maximum deformation shown in Figure 47(a) (Ti-6AI-4V test LG916). 
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4.0 Discussion and Summary 

In the two materials tested there is generally a well-defined ballistic limit velocity. The one exception 
to this is the case of the 0.5 in. thick Al-2024. The plugs formed in the thick aluminum and titanium plates 
were tapered at the front, with significant gouging along the sides. This indicates that fracture occurred 
while the rear side of the plates were under elastic bending deformation which reduced the size of the hole 
when the plate returned to a flat orientation, resulting in a hole with a smaller diameter than the projectile. 
This presumably increased the friction on the projectile as it travelled through the plate, as evidenced by 
the gouging observed in the plugs. The irregular results obtained for the 0.5 in. thick Al-2024 plates may 
be due to a high sensitivity to frictional effects. It is not known why the same sensitivity was not observed 
with the 0.5 in. thick Ti-6A1-4V plates, in which frictional effects were also present, but it should be noted 
that the impact conditions were significantly different, involving a projectile of different size and 
material. 

At velocities higher than the ballistic limit, the energy absorption could either increase or decrease 
with impact velocity. For thicker panels (0.25 in. and above) the amount of energy absorbed increased as 
the speed increased beyond the penetration velocity. For thinner panels (0.14 in. and lower) the energy 
absorbed generally decreased with increasing impact velocity. 

The projectile properties had a significant effect on the ballistic limit. The harder steel projectile 
resulted in a 15% decrease in penetration velocity in the 0.14 in. thick Ti-6-4 plate. It is not clear whether 
this is a result of just the hardness difference in the projectile or if the overall mechanical impedance is 
the primary driver, but results in the literature indicate that projectile hardness has an effect on both 
penetration velocity and penetration depth in thick test specimens. 

Digital image correlation (DIC) yields good results for strain, even at the relatively low image resolution 
used in this study. However, it is useful to have a limited number of strain gages to verify results at 
discrete points. 

In the large panel tests the major damage occurred where the heavier root section of the projectile 
impacted the test panel. This may be counter-intuitive since the tip of the projectile is relatively sharp, but 
is consistent with the damage that results from a fan blade-out in a jet engine. 

This report provides results of instrumented impact tests on 15 in. square Al-2024 and Ti-6A1-4V 
panels of three different thicknesses impacted in a normal direction by a cylindrical projectile and 24 in. 
square panels of the same materials impacted at a 45° angle by a more complex projectile having blade- 
like features. The data provided in this report is useful for validation of numerical and empirical impact 
models for metals. Unique features of the data provided include extensive documentation of test 
procedures and results, material characterization of the very same materials used for impact testing, and 
extensive instrumentation results. These reports provide a valuable set of data which can be used for 
developing and validating computational and empirical high strain rate and impact deformation and 
failure models. Although it is impossible to report all data in a single report, they are archived and 
available through the authors. 


NASA/TM— 20 13-217869 


39 




Appendix A. — Material Certification Sheets 

A.l Material Certification Sheet for 0.125 in. Al-2024 
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IB 



TS 



Efl 

■HEM 

16 


7®§7&01 

T3 

ks 


ca 

tn 

17 

“ — 


T3 


~ j 

K3I 

K3SM 

1G 

— 


n 

KL_J 

_ ] 

6€j8" 


17 

■ 
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P W 1tnm 

P.17 


. ■ npY^S3-30BG lfc : 49 


g*l*: IAJ2HH TmrMI** PM 
END TFPHS WLTQ EXPERT 


AM AG rofling GmbH 


AM A G 
Oiling 


Abnaftmepruhaugnb 4,1 (EM 10204} 

Inspection certificate - mm »rtMic#1e 

AMAG railing GmbH 

““ ' «!*■ d to 1 K4& EN EM », |fi& IJQfr 


Nr,j B5S21?i3 1/1 
Ftov. 0 

Dmufl/ slater 2G0B 04 OS 



NlfltoH fal 

#■*'- fisndypuvfty 1 

lHtiLo*TL 

lofflqftjpwt 

Zmtind 

t*mpsr 


d L_fl 

[MSMil 

- 





Min. 







fWax. 

| ^ 




^ . , 

70 fiTH!EK 1 

T 3 


*3 


■ ' 1 



PtfUBgj PfWun^tn i citii* ' ~ 

e*ffflmuoh /TfpnjuwtB bend 1 e*fc OfC 
Maife^fTft^slla ; Dinwisla^al Cheek: OK. 
Qtwniaciit } ajrfacB Irupqclionr OK. 


u , nd d<m v * r ®l^ r un S Dn feri dar Bffstrtuftfl tntyjnohL 

clntrflqf b> Mrtrfy hat h ma * sr1attiftKr1ttKl ***** ^ iaa bMn litled and mmolles wah irw ferrrt eMtla crrfci" 


Wf rf»i^]WBr«lPndld«r f 
tvslory Spwciallst 

Rjftnfll 

Tutotan f telephone 

+48 1772^001-274^ “ 

Fix r fdi 

+43 [77ea B09-44S 

E-Mifl ■' e-mad 

[ Krendic-iamag.fll 


MBA^VM irisn - Gaifl «m JJnUrUh* |T 4 JBfflM - ^ HH+fhairt b.iq 



PwtoiJi,4-!SBZ R*™nn ( », 



TW METALS 

rt 

T 


E 

P 

E 

S 

NAY 1 1 m 

0 

r 

T 

ftvrt&irl}/ 

T 

S 
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A.2 Material Certification Sheet for 0.25 in. A12024 




SHIP TO: 

TW METALS 
1 £0& BLAKE DRIVE 
WICHITA, KS 67213 

KAISER 

ALUMINUM 

Trent wood Works ■ Spokane, WA 99215 
Phone; 000)3672565 

CERTIFIED TEST REPORT 

Serial Number 

4046144 

SOLO TOt 

TW METALS INC 
THE ARBORETUM 
760 CONSTITUTION DRIVE 
EXTON, PA 19341 

CUSTOMER m hL-MBEPl: GuSFGttEft PART NUMHfcFT 

M40 133447 06232 

&H1PPFW3 FUN tULOAS ID: GOV'T CONTRACT NUMBER; 

1 00444/3 

KAlGEAORbBA NO: 
1025400 

UhlE TEM:" 
, 1 

a l-UP DATE: 

16^AU&-2O0S 

ALLOY. 

20P4 

CLAD: 

BARE " 

TIMPEFt: 

T351 - 

WSKtHTaHLPPffr. 

3904 LB 

SUAJhfHTY: 

S2PCS6ST 

Btf. NUMBER: 

?05*6Q 

GAUGE: 
I0-5&O0 IN 

fflDTht 

40.500 IN - 

LEUCTH± 

144.500 IN ' 


AMS 4Q37ffl«wN , 

Testc&fc: 1504 

Lo 1: 3371 5*A4 Ci*1 2ft2 

Ta^silt; linger 
T351 


Drop 11 

Oir;# Tails 
LT/ 2 (Min: Mm) 


Certified Specifications 

AjMSOO-A-2£{MJFiflYA 

Test Results 

Ingot 1 


Ultimate KSL [MPA} 
69.4 : 7Q.1 
<479 : 463) 


Chemistry: 

Atiua! 


SI 

0.10 


FE 

0.24 


QU 

4.45 


MM 

0.56 


MG 

1 .33 


Gfl 

D.01 


ASTM 6 20&/RCV04 


Vietd KSI <MFA| 
40.3 : SO.& 

(330 : MSI 


ElongaAico % 
16.6:17.0 


ZN 

OH 


Tl 

0.02 


V 

0.01 


ZR 

0.00 


OTHER 
TOT 0.0& 


LdE 3371&7A0 

Tensfe; 


call 262 


Oiapifl 


Tempe* 

T95l 


Dir / « Tests 
LTf2flWtm:Maxf 


Ifigot 4 

UltintfeKSHMPA) 
70.1 :7G.3 
(403 ; 406> 


View KSI (MPA) 

49.5 : 50.4 
<341 : 340) 


Flongatlan % 
16.5 : 16.7 


Chemifitry 

Actual 


SI 

0.10 


FE 

0 26 


CU 

4.06 


MN 

0.59 


MG 

1,59 


CP 

0.05 


ZN 

0.12 


Tl 

OOP 


V 

0-D1 


ZR 

a . do 


OTHER 
TOT 0.04 


ALLOT (JMfTS 


Chemistry: SI FE CU MN MG CR 

2024 MIN D.Q0 0.00 3.60 0.30 120 Q-M 

MAS 0.50 0.50 4.90 0.90 1 .Bfl D.1D 

Aluminum Remalndsr 


ZN 

0-00 


Tl 

0.UO 



V ZR OTHER MAX 

0.00 0.00 EACH 0.05 

TOT 0-1 b 


Page 1 ol 2 
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SHIP TO: 

TW METALS 
J 20C BLAKE DRIVE 
WICHITA, Kfl &721& 


SOtEitCi! 

TW METALS INC 
THE ARBORETUM 
760 CONSTITUTION DRIVE 
EXTON, FA 193J1 


KAISER 

ALUMINUM 
Trantwood works - Spokane, WA 99215 
Phone: (800) 367-2566 

CERTIFIED TEST REPORT 

Serial Number 

4DBG64D 


C J5TOMEH PC HUMBER: 
M491435E1 

WWW PACKAGE; 

CUMOW PA(IW«UMSen: 

. 06232 

HP HUWLCAUID- 

iDOOOt'a 

0O¥T COMTHACT MUMBf ■: 


KMBEH CflMHHfr: 

LNi rTBM; 

4^ BATE; 

iH.LO'1 1 : 

CLAD: 

TEMPCft: 

1Q3TO1 

1 

22-h C0-2DD6 

2024 

BARE 

T3&1 

WEH3BT SHIPPED: 

QUANTITY: 

BIL NUMB-EH: 

AJUKI; 

WtTM; 

LENSTH: 

3BDELEJ 

21 »CS EST. 

j 2 Q 7 S 22 

0.2500 IN 

46.500 IN 

144.5DD IN 


AM £ 4B37/HevN 
CMMP QZ5VRavO 

Test Coda: 1504 

Let 340929A9 Cast 113 


Certified Specifications 

AM5O0*2HM/RwA 


ASTMBMfc 


Br£p 09 


Test Results 

Ingol 4 



Tensile; 

Tempe* 

Dir/# Test* 


Ulbimati KSI |MPAi 

Yiafcl KSI (MPA) 


Elation % 



T351 

LT/21Win:M*d 


68,0:69.3 


49.1 ; 43.2 


16.5:17-1 







(4?4 : 478.1 


(339 : 339) 




Ghemtaljy: 

SI 

FE 

cu 

MN 

m 

CR 

2N TI: 

V 

ZR 

OTHER 

Acti*&1 

0.10 

027 

A.SZ 

UM 

1.41 

0.U1 

0.19 0.D2 

0.01 

0.00 TOT 

005 

ChumcLry; 

SI 

FE 

cu 

MN 

MG 

CR 

2N TI 

v 

ZR OTHER 

MAX 

?o?4 Min 

□-00 

0,00 

3 63 

0.30 

1.20 

0.00 

0.OD 0.00 

0.00 

0 00 EACH 

Q.D5 

MAX 

05® 

OuBG 

■190 

0.90 

1.80 

0.10 

0.25 8.15 

0.05 

Q.D5 TOT 

0.15 


CERTIFICATION 

■W3EP AULA* WJM A EH 0# GAL QQHPQfiATEH /ma SE=i| HEREBY 0£RT I 8 if? Thai hma. S4PPg& LrflH IHft CWB was s«LTB0 A'lpiwiwurAti i* me U.r, A 

A^pw>*BEE4 NBPE^TE^. te^"ED. F&JhD In GOnFCRiOAhiGE wITH-ln stou i**wthT£ £i ti t a?p. i"ah. p .^pi-G-t-kia 11*13 Ap isra^ATrn iff nriw w i mi~a . Wiih-h 
15 Wi i.mrw HEAiT-TBEATEC SGW^Jes WITH Ah 9 2/ri. aHy waiwwt eS um J rn to that kmtmj gs ■>. hptt; stuhuki -5 f Hfn* L Tim^, akq go nmois gr sale 

rcrTT REFITS Anfi gkl F*.F. S URj£ CT TQ- -E WwT BN TEAT Htnjh.l £ 4i~M_LHCT HE FnrrigCigCCD EXCEPT IKIFU.L. WITHOUT TlIC Vi WITCH APPROVAL ■QF KAtSfH 
AJ iilhh.m m. tmwr.f,. cmmMUfTWU jpg^TOK* THE REHSRDIkfl GF FALSE, NEimOufl, uh f fwJtuuHT iUrEwEnrfi C« th i whfi Gw TkE GE W V\cm l wav m 
PU^ISI»*E A FELON* UNDEfl -FEDCJUl LW. tflQ-Htii SOM DEFPIFlElL 

liILL POYNOFt, LABORATORIES SUPERVISOR 
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A.3 Material Certification Sheet for 0.5 in. A12024 


9HIFTEL- 

TW METALS 
1£D0 BLAKE DRiVE 
WICHITA, KS 67219 


BOLD TO: 

TWWETAL& INC 
THE ARBORETUM 
7GQ CONSTITUTION DRIVE 
EXTOM, PA 18341 



aluminum 

Trent wood Works - Spokane T wa 99315 
Phones |800) 3I7-35BS 


CERTIFIED TEST REPORT 


Serial Number 

40626B7 


CUSTCIMfl P’S NUMBER: 
M431 44842 

WORK MQtAOE: 

MTC«IPl PAW 

092&1 

MU M&ER: 

SHIP PUWLtMDID: 

1CC627l7 

Qmrr cavnuirr number: 

KAIEEH ORDER NO: 

io$seoi 

L1H ITEM: 
1 

fct*0ATE; 

21-MAR-2D&B 

jUJ-OV^ 

2024 

HJP: 

BARE 


TIUPtP; 

TMl 

WEIGHT SHIPPED: 
EBbB LB 

QUANTI Tt\ 

; a pcs est. 

an. NUMi&n: 
207917 

GAUGE. 

Q.5O0D IN 

WffiTTH; 
43.500 IN 

LfiNGtH: 

, 144.5W FN 


AMS4D37/flauN 
CMMP 0?5/RgvQ 

TbeE Code: 15D4 

Loll 1UMM7 Cml315 


Certif led Specifications 


Drop @6 


Tensile: 


Ghemialry: 

Ariual 


Chemistry. 
3024 MfN 
MAX 


Tan pat 

T»1 


Si 

pjfie 


si 

0.00 

o.so 


Dlr^# Tffits 
L172(Min:Mac| 


EE 

Q.E2 


FE 

0 M 

O.Sft 


Test Results 

Ingot 3 

UtknpteKSl (MPA) 
00.5 : 59.6 
(47? - 430) 


CU 

4.47 


cu 

a.eo 

jw 


MN 

0.&9 


MN 

C-.3D 

0.90 


MG 

1.37 


CR 

0.01 


A LLOT UMITS 


MG 

1*0 

1.90 


CR 

0,00 

0.10 


Yield KS (MPA) 
509 : 50 & 

(345 . 348) 


ZN 

0.19 


ZN 

0.90 

C.S5 


n 

0.02 


Tl 

0-00 

G.i a 



18.6: 17.4 


V 

0j01 


V 

0.00 

o.oa 


ZR 

aoi 


other 
TOT 0,04 


ZR OTHER MAX 

0.00 EACH O.0& 

0.0& TOT O.lS 


Aluminum Remainder 


CERTIFICATION 

1 ™^ t -i*t UETAL & 4l=FtD iJ'JCth. Tmi titan w*5 « L THJ ANO UlhUFACTuAtJ n ra» ij.sa 

ET(H Ih^PfC^.- TEE £fi. IH AlTri r N: m-CJ-'f E^ENTF-CF ’’HE ! i'l •MFt'l'.nrMS Aft HDKaTED h£fl L W tl UC~A Vi H f JJ 

|S *** ETTi ' A W " S I iMrcPTCMHAT EKMM Oh kajS&H liirJHBD gfurra*. tef W £ A fcD QC+jbtTii^:; t:t 5.u.£ 

*2 ™**™^ TEST H E PO h i s Mhfi I t*T(T [I F h E»K»U LQ j EM l£>T h Hlul, wm-ni ^- he h^rTTRj ippfW^L ul kwkfj; ' 
A.UMHLML ■■WHTJJ. OOTAQFWTKSh _ 4ntsu Tcnv TTF neEBMHG *> nj.tr. rcirnOhS. OP 1 FftAubLiAH i i-^TEUPHTj; tjp fhtfiie .5 oh- the ■iEFTi : i£i» i l mwv if 
p umiHp n M a fElOMV JNDS FELtryu. law. iso-^Wi jBGW CERT Fee 

SILL POYNOR. LABORATORIES SUPERVISOR 



Pflae 1 ul t 
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A.4 Material Certification Sheet for 0.09 in. Ti-6A1-4V 


R:HM44ARj£V &7KH 


TEST REPORT 


PAGE. 


$>RTJ 

international 

Metals, Inc. 


| RMI TITANAJM COMPANY 
lOOOVWAKReNAVt 
tU.ES.OIIID41+*ft 

|x] 

TODCO f MOl 

1701 WEST MAIN 5T . 

WASHINGTON. MUUW90 

IMMlBCfllEWN A l*EFfiR 

INGOT NO 

LOT 

r&R 

MATERIAL NUMBER 

$SU343 

W 


PRODUCTION ORDER 

30096131 


DATE 

yj FS LiKUEH: NO 

PRAISE 

pACECfJO LIST HO 

l^ysooe 

61420 

6AL-4V 

SO125430 

CUSTOMER NAME 


CUSTOMER OMe^O. 


RUST, LOUIS 

lomu 

MATERIAL 

H.K ANR^CUXttSHtffcT 

6PfC*TCATKW AMS 491 ] J MEL-T -M46J AS- 1 AM.'J DMS 1 592F 

AMfrT-mtiA AB- 1 AS1M B 265-1)5 GR.5 


ASEM F !*7I KA 

FrH.17-2J-2a PYiA&JCCh 

MSTTqay 



riEMEisrr 




TEST WF ORMA710N 

FHAGTURL TOLEGHNESS KSlYUT 





TFST 

LAB 

men Sb-t 


C 

.iX» 



TNGOT QfEMETmY 

RMl Titaniun. 'Ni'ifct Oil 

to ! 

TauPhftUs- A 

Vai Ck 

N 

.W5 



BAIl AJUCai 

Tndeo Inc,* Was hint! urn. MD 




f-T. 

-17 





— — 


Al, 

A \fi 







— 

V 

3 R? 







o_ 

.15 








I- V " 

<50 PPM 








































CHE M1STRY TEST METHODS 









ALLnVCim'M! SPARK OFS 










02/N2: ASTM E U WL-' 1932 




TI 


BAIANCE 


HYDROGEN: ASTME 1447 




FINAL 

PfiOCOtt 

Q*T 

n ~ 


CARBON: ASTM G lW? 




mrDiPPti] 

26 1 







PRapEFmes 






1 hMi alul ivjL 


L 

145.3 f 145.9 

_J 

J - 

HS.2 / 


be itefutidircted e^ctpl in 

ULTIMATE K£l 

T 

L5M / mj 


/ 

M 7.T J 

f 

EulJ wiihauC wrfeeri 

Veld 

L 

m. 0 ! 138.4 

J 

l 

tut - ; 

t 

iDpHC'J-Dl d! tp-RTI 

12%) OFFSET 

T 

143.0 7 144.5 

J 

_L 

1.4U / 

-L - . 

inL*r^thMUl hliltuli. IflC. 
lub^LHwhic-i Hvi3E 
prapHod. The se-LwiJing 

% EJ ONGATION 

L 

13,1 J 319 

V 

1_ 

iStt 

j 

inCJHEa; 

T 

12 .6 i 13.5 


1 

10.7 J 

/ 

% REDUCTION 

1 

/_ 

f 

V 

i 

t 

of f-3 tS-4 1 tlUliKifllE^ Of 

mr 

■nbriesHi Ihis 
dDcupAnll may te 
puciiifttid an a ^Lcr ? 

IN AREA 

r 

/ 

f 

f 

f 

' / " ~ 


L 

5.0T.RJ. IQ.OTri 

t 


i 

i 

R5ND105 

T 

3.0 TR ^ 1 0.DTD 

1 

BENDlBD 

1 

I 

HARfo+JfcSS 


STATJO NOTCH 


j i mJ-h i kjHjufol bwJ 

OCtA TK/US1J5 

I lSi&*F± 25'F (CALCULATED) 

CREEP 


1 ■■ ■ n A f fii in“ 


UL 1 KKMJhJL. 


*AT TREATS 

PROD ANN. I4S0T 35 MIN. A.C. 


LAtl ANN. 1325^‘ 20 MIN. & A.C 


TEATKJ RDE 

I-ESTC l> L)H HX.«5LVr43Hi4-an 

SHIPPING 


OTHER D^TA 

NO. OF PIECES 

£0 PCS. 

lNOOf WAS T4E1 "lED AJ KWI rn-ANltJLU LOWP,%NY, WlliS, OttlQ. PRODUCT LXjWFTJKMS TU Al-L- HTl |^R 

WEPSlff ;L&5> 

100?# 

TECH1N KAJ , "RE QLlH&iFNTll Cw TJ tli M P£r:.1 FT C v. 1 1 - jif 2 . >,f.J LK14L aQICKIO FOR :SI.:)!±A tT, 

ilZE iiN'i 

a R?Q X 36.W 

□C« l AMTNA7TON A.NE MEETS THtl KF^UIREMTHTH OP Tl LK Tl^T M3Ct04TP.T !CT LFFlII [i ACGBfTABrE 

TMW pieces 

X _ i 

anp .kfHp l? the R|iQim&iy?nlT^ ike i‘ft>t mathxj * r. Was hui-^ tested tm AcawuAMCE WI rj i 


THP }LA?r I 1 ffl'A ’rtWl SUR AaaZEMFKT J ARij’ATQF.Y COHTkOI . AT SOURCE iLCSj TESTING WAS 





3 1 m 


MO. T406fl .1 dti-u CO , NH23. ^ ■ AEBD Nft 725dri. JKlMDSnCAJLLV MHLTEEJ MATF.HI A1.5 ONLY MATTTUAL 
PQpiTwaacjM. MATERIAL !!■ VPJf-F LT MERHJRY CONTAIN HATJ ON M*Tf^EiVL H Ig 4i ) wpi n RKFAR - 


tma re t^ certify ttwt ti c 


% 


ABOVE T^STReSIJJTeAWt 

CORftfcOTASCONTAJNtD i« TME 

imHU 1 1 IH-E- _ 

■S+fiMiL LI. 


REcOraoac* tne company 


i vV-H 6 L> 


Th-T-ECH 

iETAUlK 


Cu&t: 

P.O- 

Siz£; 

Item 


TRI-TECH METALS INC OVERSTAMP 

p] 5 # 909-MS- 1401, Older" Date :Q6^w2<J0b 

FAA/AAC, ACCTG OfC JoMO FS3143 
DTFACT-06-F-WH67 

.OWT* 3C"n W", 3 es, 1 pc CM to LI «M@15 "k 15" 

Ofll lleai/Lolif 
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A.5 Material Certification Sheet for 0.140 in. Ti-6A1-4V 





certificate i. 
R6468--d0I 
H3AT 
R3468 



Tftflr'lJjrn Mofliu Gvtjmtem ' ' T 


100 Trtanlum-Way/Toranlc, Ohio 43364 

Telephone (740} 587-3694; FAX (740) 537-5753 


. PAGE 1 OF 2 •' ■ 


CUSTOMER 

GRADE 

TIMET AX 6-4 


PURCHASE ORDER 
4 SO 0 00 S 2 13 
PRODUCT DESCRIPTION 
■ 140 1- SHEET 


SPEC IFI CATIONS 

AMS 4911 H; DM5 1593 F; MIL-T-.9046 J AM 2 AD-1 


j^aa-TW 

R04S0-BOT 


R 8468 - 

E04S3- 


-G01-S4S2S-2 

-GOl-iMfllf-J 


CHEMICAL ANALYSIS 
(Weight Percent) 

C Fe . H Al 

0,037 Q,1G0 0.004 S.322 

0.023 0,130 0,005 £-172 

H2 (ppm) LOCAT IGN METHOD 

30 - HOT EXT. 

2 3 - HOT EXT . 


V 

4,03 0 

3.3-44 


0 

0.145 

0 t 162 


Yttrium Isas thaik 10 ppn. 
BA lance titanium. 


MECHANICAL PROPERTIES 


VCT B MRS. & 1.3S0*P 
Room Tempers tux* Tonsil* 

Remits (YS G 

,2% offset) 


IDENTITY 

TENSILE TS KSI 

YS KSI 

4D, 

R046B— G0^-SM2tf-i 

DIR 

h 

145 

139 

14 

RG46S--GD1-S4B26-2 

T 

152 

143 

13 

R84fiB--G01-S4fia6- J 

L 

. 145 

137 

IS 

RS468---331-S4S2S-1 

T 

148 

140 

16 


V EL 


L -Micro Spec.* AMS 

identity 


RO4fig--GOl-Si03fi-a 
TtH4tf H -■■-■G01-S4 B2fi -3 


MACROS TRDCTtrRE/MI CRO STRUCTURE 


4311 H 
MICRO 

MICRO 

GRAIN size 

RATING 

RATING 


FRED 

GCC 


A 

-- 

10,0 

A 

-- 

10,0 


COMPLI A2?CE STATTMEKT3 

1 Micro Structure examined And acceptable . 

2 Surface free frcm cont acninat ion - 

3 IDS degree besnd test pe^fo^med and is acceptable . Band factor R/T 5-0 examined 
at 20IC- 


TRI-TECH METALS INC OVERSTAMP 

v ' " Phi* 909*948-1401, Gnlcr DMe:£W«fiM006 
Cust: FAA.'AAC.ACCTQOFC .fob* FS 3 I 43 

PO. DTFACT-0MMKH67 

Siit; I 40 m k. 36"*. 72", 4 ca, 2 pc cut (o 12 cath@(5*x. 15" 
Hem 002 HttifLotH 



REGISTERED 1502002 
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A.6 Material Certification Sheet for 0.250 in. Ti-6A1-4V 




48 
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FLAT'S IDENTITY; JUCl r A2C3, A2Dl r JL2D2 


^ravelarJ a] Heat 9 Ingots 

2123^ g, QtiSY AliVXC Wr&MSOT BSD Ailwnrt A«- SftffrHt At mis s-sesa Pimiw 2ffi-4£n Paga 2 0 f S 


S8 


* S 

& -H 


W 0 -J l> 

* S-l Ll '1-1 

H M * u 
ft 0 * rt 

a 2i r:. 
® -H ^ O 

X ^ -fl r+ H 
4* u jij 
■M 

Hf H 
Q D O 
VI ll L 

L| -*1 fl ■ 

iM! U fi £ 
[1 * « _ 5 

i|s|s 

H ft l« * |J 

' * D F. 3 

J*i O -H 


3 1 




pi 

o 

3 

5 

l» 


i> u 


3 


fl s 
? 


3 3 *. 
s 3 ; 
■g a *■ 

k v ^ 

& £ s 

JJ PI 

( , -rt 

2 jf 3 

« jj * 

H I 

B a -d 

±J 3 c 


a h ft ri 


S 13 

a 


i j 

i 

u « fl {) 


& 


■— ■ d 

» d ■ 

rt & h 

# T+ 

a <n 

J tf U 

E> ‘r* d 


u 

11 

■a n +i *j fa 

<tf C *d n d 

u Pi il □ o 


u 9 u H 
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Appendix B. — Texture Analysis 

Texture analyses were performed on samples from all the 2024 aluminum (Al) sheet and plates that 
were impact tested in this report. The samples were prepared for measurement by ultrasonic cleaning in 
ethanol followed by immersion etching at ambient temperature. The Al 2024 samples were etched in a 
50% sodium hydroxide solution for 7 minutes followed by a rinse in 50% nitric acid. The titanium (Ti) 
6A1-4 vanadium (V) samples were etched in a 2%HF + 8%HN03 + 90%H2O solution for 40min 
followed by a water rinse. Typical material removal per surface was 125 pm for the Al 2024 samples and 
50 pm for the Ti-6A1-4V samples. 

Texture data was acquired using a Bruker D8 Discover X-ray Diffractometer equipped with a sealed 
Cu tube, graphite monochrometer set to Ka radiation, 0.5 mm diameter collimator, and a proportional 
multiwire 2-D position-sensitive detector (area detector). The sample was mounted in a 2-axis Eulerian 
cradle equipped with a 3 -axis translation stage and aligned using a laser/videomicroscope system. 

A data acquisition scheme was designed with 5° resolution for reflection-mode pole figure (PF) 
coverage up to 75° (nominal) from the surface normal. For the Al 2024 samples, this included the (200), 

(1 1 1), and (220) poles. For the Ti-6A1-4V samples, this included the (10.0), (00.2), (10.1), (10.2), (1 1.0), 
and (10.3) poles of the alpha Ti phase and the (1 10) and (200) poles of the beta Ti phase. Data was taken 
from the rolled surface of the samples. The rolling direction (RD) was marked on the samples by the 
requester and preserved during etching by beveling a sample edge parallel to the RD. Sample coverage 
was maximized by oscillating over a 30- by 30-mm area using a 2-axis raster pattern during each of the 
data acquisition frames (180s/frame). 

The raw 2D data was reduced to experimental (incomplete) pole figures using the Multex3 software 
package (Bruker AXS, Madison, WI). Data from these pole figures were then used to compute the 
Orientation Distribution Function (ODF) using the harmonic method (Ref. 3) as implemented in the 
TexEval software package (Bruker AXS, Madison, WI). Full pole figures were then calculated from the 
ODF and are shown in this appendix. 

A quantitative measure of texture sharpness is the texture index, which is computed from the ODF. Its 
value lies between 1 for a texture-free sample and infinity for a single crystal. For comparison, the texture 
index of a sample of commercial aluminum foil (a highly textured material) was measured at 4.14. 

Texture index values, predominant textures present, and degrees off-center (for the Ti-6-4 basal textures) 
are summarized in Table B.l. All the texture measurements were taken at the surface of the sheet or plate 
with the exception of the Ti-6-4 (0.5 in. thick) plate which was measured both at the surface ant at the 
center of the plate thickness. 


TABLE B.l.— SUMMARY TEXTURE RESULTS 


Sample 

Texture index 

Predominant texture 
type 

Degrees off-center 

Al 2024 1/8 in. 

1.26 

Cube 

N/A 

Al 2024 1/4 in. 

1.89 

Cube 

N/A 

Al 2024 1/2 in. 

1.34 

Cube 

N/A 

Ti-6-4 0.09 in. 

1.40 

Transverse 

N/A 

Ti-6-4 0.135 in. 

1.17 

Basal 

o 

o 

Ti-6-4 0.25 in. 

1.48 

Basal 

18° 

Ti-6-4 0.5 in. 

1.03 

Basal, Transverse 

___ 

Ti-6-4 0.5 in. 

1.45 

Transverse 

(thru-thickness at the center of the plate) 


B.l Al 2024-T3 

All of the Al 2024 exhibit a cube texture (Figure B.l) with the textures of the 1/8 in. and 1/2 in. 
samples being considerably weaker than the 1/4 in. sample. The 1/4 in. thick plate also contained the 
largest grain sizes. The 1/8 in. plate had the most equiaxed grains. The cube texture is a typical annealing 
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texture seen in Face Center Cubic (FCC) structured metals. The symmetry of the (200) PF from the 1/8 
in. sample may indicate cross-rolling (4-fold symmetry with one direction weaker than the perpendicular 
direction. The apparent 6-fold symmetry of the 1/4 and 1/2 in. samples perhaps indicates clock-rolling. 


Calculated PF 200 


Calculated PF 1 1 1 




© 0.20 
O 0.40 
O 0.60 
O 0.81 
O 1.01 
O 1.21 
O 1.41 
O 1.62 
O 1.82 
• 2.02 


RD 


TD 


Figure B.l. — Pole figures for Al 2024-T3. (a) Plate thickness: 1/8 in., (b) Plate thickness: 1/4 in., 
and (c) Plate thickness: 1/2 in. 
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Calculated PF 200 


Calculated PF 1 1 1 
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Calculated PF 200 


Calculated PF 111 



B.2 Ti-6-4 


The strong overlap of the beta Ti (110) pole with both of the alpha Ti (00.2) and (10.1) poles 
prevented successful extraction of beta phase pole. This is a common problem with Ti-6A1-4V samples. 
Likewise, the beta (110) phase data could not be completely separated from the alpha (00.2) and (10.1) 
pole figures, especially at high tilt angles. Therefore, texture for only the alpha phase is presented. 

The texture index in Table B.l indicates that the 0.09, 0.25 and the 0.5 in. thick Ti-6-4 plates have the 
strongest textures. This is consistent with the high degree of anisotropy observed in the mechanical test 
samples taken out of these plates (Ref. 4). The 0.135 in. plate had a relatively weak texture. The last two 
rows in Table B.l gives texture measurements for the same 0.5 in. thick plate. The difference between 
these rows is that the first row was taken 50 pm below the surface of the plate, whereas the data for the 
last row was measured 90° with the beam incident to the thickness of the plate. These two measurements 
indicate that there is inhomogeneity within the 0.5 in. plate with the near surface being isotropic and 
becoming strongly textured toward the mid-thickness of the plate. It should be noted that samples for 
mechanical tests were also taken through-the-thickness and exhibit anisotropic results (Ref. 4). 
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The pole figures are given in Figure B.2. The 0.09 in. sample displays a transverse (T) texture, where 
the basal planes align perpendicular to the rolling plane with the c-axis parallel to the transverse direction 
(TD) as illustrated in Figure B.3. This indicates that the sample was rolled at a temperature between - °F 
and the alpha/beta transus temperature (Ref. 5). Note from the (10.0) pole figure that this pole is parallel 
to the RD. This differs slightly from Figure B.3, which shows the (1 1.0) pole parallel to the RD. 

The 0.13 and 0.25 in. samples display a basal (B) texture, where the basal planes are nearly aligned 
with the rolling plane (also illustrated in Figure B.3). This indicates that the sample was rolled at a 
temperature below -1652 °F (Ref. 5). Table B.l includes the angle between the maximum intensities of 
the basal planes and the rolling plane (degrees off center). This angle decreases with increasing degree of 
deformation (Ref. 6). Therefore, these angles are qualitatively consistent with the respective texture index 
values for these samples. 

The 0.5 in. plate (through-thickness) showed a strong texture. The pole figures in Figure B.2(d) indicate 
that the basal planes tend to be oriented with their normals parallel to the RD. The prismatic planes tend to 
align with the original sample rolling surface and ± 60° inclinations to that surface. These orientations are 
consistent with a transverse texture. A possible explanation for this is that the plate was cross-rolled. 


Calculated PF 002 Calculated PF 100 



Figure B.2. — Pole figures for Ti-6AI-4V. (a) Plate thickness: 0.09 in., (b) Plate thickness: 0.135 in., (c) Plate thickness: 
0.25 in., and (d) Plate thickness: 0. 5 in. (Note: These pole figures are rotated 90° from those of the other plates 
due to the location of the incident x-ray beam.) 


NAS A/TM— 20 13-217869 


61 


Calculated PF 002 




Calculated PF 100 



RD 


O 0.26 
O 0.53 
O 0.80 
O 1.06 
O 1.33 
O 1.60 
O 1.86 
O 2.13 
O 2.40 
• 2.66 


* 



Figure B.2. — Concluded. 
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Figure B.3. — Basal (a) and transverse (b) textures of 
titanium alloys (schematic, (00.2) pole figures) (Ref. 7). 


NASA/TM— 20 13-217869 


63 






Appendix C. — Grain Structure 

Metallographic sections were taken out of all plates to document the general grain structure. All three 
plate dimensions were polished and examined. The A1 2024 samples were immersion etched in an 
solution of 2 ml HF, 3 ml HC1, 5 ml HN0 3 and 190 ml H 2 0 (Keller’s etch). The Ti-6-4 samples were 
etched in 2 mL HF, 8 mL HN03, and 90 mL distilled water (Kroll’s etch). 

The 3-D views of the microstructure in each aluminum 2024 plate are shown in Figure C.l. 

The three plate directions are indicated in the figure. Table C.l provides the average grain dimensions 
for the three plates. The maximum observed grain size is also given in the table and their variables 
defined in Figure C.2. Finally, the aspect ratio (L/h : W/h : h/h) of each dimension based on the grain 
thickness is listed. 


TABLE C.l.— GRAIN DIMENSIONS (pm) FOR A1 2024 PLATES 


Thickness 

L me an 

Lmax 

W 

vv mean 

W 

vv max 

hmean 

hmax 

Aspect 

ratio 

1/2 in. 

706 

1861 

163 

492 

40 

130 

18:4:1 

1/4 in. 

1505 

4249 

344 

1356 

111 

382 

14:3:1 

1/8 in. 

37 

122 

31 

86 

17 

58 

2:2:1 


The and % in. plates have large aspect ratios with the longest grain dimension elongated in the 
rolling direction. While the l A in. plate has the largest grain aspect ratio, its grains are noticeably shorter 
than those in the % in. plate. The other two grain dimensions are also smaller for the l A in. plate. The 1/8 
in. plate contained grains that were more equiaxed and had average grain dimensions less than 50 pm. Of 
all three plates, the 1/8 in. plate had substantially smaller grains. All of the aluminum plates were 
peppered with second phase particles aligned in the rolling direction. These were presumably CuMgAl 2 
particles, but were not specifically investigated. 

The 3-D views of the Ti-6A1-4V microstructures are shown in Figure C.3. The l A in. thick plate has a 
binomial grain size consisting of many large areas of elongated unrecrystallized grains interspersed with 
equiaxed grains having diameters of approximately 15 pm. The % in. thick plate has an equiaxed grain 
structure with an average grain size of 13.5 pm. The microstructure consists of equiaxed alpha grains in a 
transformed beta matrix containing coarse acicular alpha. The microstructure of the 0.135 in. plate 
consists of equiaxed alpha grains of an average diameter of 8.2 pm, and particles of beta. The 0.09 in. 
plate contains flattened alpha grains 30 pm in length, 9 pm in width, and 3 pm thick. Grain boundary and 
particulate beta are also present. 
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Figure C.l. — Grain structure for the Al 2024 plates: (a) 1/2 in., (b) 1/4 in., and (c) 1/8 in. 
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Figure C.2. — Direction of grain dimensions. L is parallel to the rolling direction. 
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Figure C.3. — Grain structure for the Ti-6-4 plates: (a) 0.5 in., (b) 0.25 in., (c) 0.135 in., and (d) 0.09 in 
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Appendix D. — Pedigree of Supplemental Ti-6-4 Plates 

Four additional plates of Ti-6-4 were examined to provide some guidance on plate variability in the 
pedigree. Chemistry, texture and microstructure were documented following the procedures described 
earlier for Ti-6-4. The chemistry is shown in Table D.l and documents a normal Ti-6-4 composition. 


TABLE D.I.— Ti-6A1-4V CHEMISTRY (wt %) 


Element 




Panel thickness (in.) 




AMS 491 1J 


BLM45 
0.27 in. 

Cert 

BLM45 
0.53 in. 

Cert 

BLM46 
0.27 in. 

Cert 

BLM47 
0.425 in. 

Cert 

Min 

Max 

A1 

6.2 

6.35 

6.28 

6.28 

6.29 

6.18 

6.25 

6.25 

5.50 

6.75 

V 

3.99 

4.00 

4.11 

3.97 

3.99 

4.00 

3.75 

3.9 

3.50 

4.50 

Fe 

0.16 

0.19 

0.16 

0.15 

0.15 

0.16 

0.15 

0.18 

0.30 


O 

0.193 

0.175 

0.177 

0.183 

0.191 

0.170 

0.176 

0.170 

0.20 


C 

0.004 

0.003 

0.027 

0.027 

0.013 

0.017 

0.016 

0.010 

0.08 


N 

0.004 

0.006 

0.004 

0.006 

0.006 

0.006 

0.005 

0.006 

0.05 


Ti 

Bal. 

Bal. 

Bal. 

Bal. 

Bal. 

Bal. 

Bal. 

Bal. 

Bal. 

Bal. 


The 3-D microstructures are shown in Figure D.l, displaying common grain structures for alpha-beta 
titanium alloys. The grain size appears similar to those from the earlier batch of plates. 

Texture measurements were taken on the near-surface of the rolling plane for each plate. The texture 
index is given in Table D.2. 


TABLE D.2.— TEXTURE RESULTS FOR THE SECOND BATCH OF Ti-6-4 PLATES 


Sample 

Texture index 

Predominant texture type 

Degrees off-center 

BLM 45 0.270 in. 

1.24 

Transverse 

31° 

BLM 45 0.530 in. 

1.13 

Basal 

27° 

BLM 46 0.270 in. 

1.33 

Transverse 

24° 

BLM 47 0.425 in. 

1.54 

Transverse 

— 


The texture indices are the range of values listed earlier for the first set of plates. BLM 47 (0.425 in. 
thick) has the strongest texture of all eight plates. Unfortunately no mechanical tests were conducted on 
the latter set of four plates for comparison. 

Pole figures are given in Figure D.2. For plates with a transverse (T) texture, the basal planes align 
perpendicular to the rolling plane with the c-axis parallel to the transverse direction (TD). This indicates 
that the sample was rolled at a temperature between -1706 °F and the alpha/beta transus temperature. For 
a basal (B) texture, the basal planes are nearly aligned with the rolling plane. This indicates that the 
sample was rolled at a temperature below -1652 °F (Ref. 5). Table D.2 includes the angle between the 
maximum intensities of the basal planes and the rolling plane (degrees off center). This angle decreases 
with increasing degree of deformation (Ref. 6). However, the angles in Table D.2 do not correlate well 
with the texture indices. This might be due to the fact that there are also transverse texture components 
present and that the base texture is dominant only in the BLM 45 0.530 in. sample. 

General phase ID data was gathered on each sample prior to the detailed texture measurements. As 
expected, the alpha phase dominated all samples. Unexpectedly, sample BLM 46 0.270 in. showed a 
visibly noticeable shift in the beta lattice parameter. Therefore, lattice parameters were calculated from 
the phase ID scans and summarized in Table D.3 along with composition data (major elements only) as 
determined by a handheld x-ray fluorescence (XRF) instrument. It can be seen from Table D.3 that the 
beta lattice parameter for sample BLM 46 0.270 in. is clearly larger than the rest. For this sample, the 
alpha lattice parameters are also larger than those of the other samples, though the differences are much 
less than the beta phase difference. The sample composition data show only minor variations between 
samples and also from the expected composition given in the specification. Therefore, the BLM 46 
0.270 in. lattice parameter variations do not appear to be due to sample composition. 
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TABLE D.3.— LATTICE PARAMETERS FOR EACH PLATE 


Sample 

Lattice parameters 

Alloy composition (wt%) 

alpha (A) 

beta (A) 

Ti 

A1 

V 

a 

c 

a 

BLM 45 0.270 in. 

2.924 

4.671 

3.192 

89.59 ±0.65 

5.89 ±0.60 

4.12 ±0.28 

BLM 45 0.530 in. 

2.924 

4.672 

3.198 

90.06 ± 0.64 

5.03 ± 0.60 

4.50 ±0.28 

BLM 46 0.270 in. 

2.929 

4.673 

3.236 

89.57 ±0.71 

6.07 ± 0.68 

4.09 ± 0.27 

BLM 47 0.425 in. 

2.923 

4.669 

3.198 

90.00 ±0.64 

5.56 ±0.60 

4.07 ± 0.28 




Figure D.l. — Microstructures of supplemental Ti-6-4 Plates: (a) BLM 45, 0.270 in. (b) BLM 45, 0.530 in. (c) BLM 46, 
0.270 in. (d) BLM 47, 0.425 in. 
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Figure D.2. — Pole figures of the supplemental Ti-6-4- plates: (a) BLM 45, 0.270 in., (b) BLM 45, 0.530 in., (c) BLM 46, 
0.270 in., and (d) BLM 47, 0.425 in. 
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Figure D.2. — Concluded. 
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